An ab initio method based on the density functional theory has been employed to investigate the behaviours of the bimetallic Ag 2 -doped silicon clusters at a size of n = 1 -11. The possible geometrical configurations, growth-pattern behaviours, stabilities, energy gaps, and electronic properties are presented and discussed. The optimized geometries reveal that the silicon atom surface-capped and silver atom substituted 3D structures are dominant growth patterns. The calculated averaged binding energy, fragmentation energy, and the second-order difference of energy manifest that the most stable structures of Ag 2 Si n (n = 1 -11) clusters are Ag 2 Si 2 and Ag 2 Si 5 isomers, which is in qualitative agreement with the AgSi n clusters. In addition, the gap between highest occupied and lowest unoccupied molecular orbital (HOMO-LUMO) exhibits that the Ag 2 Si 3 and Ag 2 Si 5 isomers have dramatically enhanced chemical stability. Natural population analysis shows that the charge-transfer phenomena are coincidence with the AgSi n clusters but different from Mo 2 Si n systems. Furthermore, the dipole moments of stable Ag 2 Si n (n = 1 -11) display a pronounced odd-even oscillation with the number of silicon atoms.
Introduction
Semiconductor Si n clusters have attracted great attention and have been studied extensively by theoretical and experimental techniques because of their bulk crystalline fragments, as evidenced by the existence of 'magic number' effects in their physical and chemical properties [1 -4] . However, pure silicon clusters are unsuitable as building block, because they are chemical reactive owing to the existence of their dangling bonds [5, 6] . After a transition metal (TM) is doped into the silicon clusters, the TM:Si n clusters tend to form closed-shell electronic structures that show the extraordinary stabilities compared with the pure species. Furthermore, the superconductivity, magnetism, chargetransfer, and other properties of TM-doped silicon are different from those of silicon clusters and bulk systems. Due to the unique properties, the behaviours of small transition metal silicon cluster have been widely investigated in recent years [7 -13] .
Several experimental projects of these metal-silicon clusters have been performed recently. Beck and Hiura have reported experimental investigations of small 0932-0784 / 11 / 0500-0353 $ 06.00 c 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com mixed transition metal silicon cluster in a pioneering mass spectrometric investigation using a laser vapourization technique [14 -16] . Scherer et al. have produced mixed TM-silicon cluster by time-of-flight mass spectroscopy and studied the electronic states of CuSi, AgSi, and AuSi dimers by measuring their laser absorption spectra as well as by theoretical calculations using the CASPT2 method [17 -20] . In addition, the VSi and NbSi dimers have been investigated by matrixisolated electron spin resonance spectroscopy (ESP) spectroscopy while bond energies are detected experimentally [21 -23] . Under the motivation of experimental results, some metal-silicon clusters calculations have also been performed by many different theoretical methods. For example, multireference couple-pair approximation (MRCPA) study on neutral CuSi [24] ; complete active space self-consistent field (CASSCF) on MSi ( M = Cu, Ag, Au) [6, 7] ; density functional theory (DFT), second-order Møller-Plesset (MP2) perturbation theory, quadratic configuration interaction including single and double excitation (QCISD), and CASSCF followed by perturbation evaluation (CASPT2) on MSi, MSi + , and MSi − ( M = Cu, Ag, Au) [11 -13] ; DFT on MSi n ( M = Cr, Mo, W, Ir, Ag; n = 1 -6) [21, 22, 25 -27] and MSi n ( M = Re, Ta, Zr; n = 1 -12) [3, 7] employing Gaussian 98 and ADF code. For silver silicon clusters, different experimental and theoretical investigations have been undertaken for one silver atom doped silicon clusters [8, 19, 28, 29] . However, to our knowledge, there is no systematic theoretical investigation on the bimetallic Ag 2 -doped silicon clusters until now. Will their structure and properties greatly differ from those of the AgSi n and Si n clusters? To reveal the unusual properties of the bimetallic Ag 2 -doped silicon clusters, the growth behaviours, equilibrium geometries, stabilities, HOMO-LUMO gaps and electronic properties are investigated and discussed in detail from a very small size to a relatively large size. Although a large numbers of possible initial isomers for each clusters size are extensively explored, we only list a few of the low-energy isomers in this paper. All of the structures reported here have position vibration frequencies and therefore correspond to the potential energy minima.
Computation Details
Our calculations of the Ag 2 Si n (n = 1 -11) clusters with spin configurations considered are performed by using the Gaussian 03 program package [30] with the B3LYP exchange-correlation potential [31, 32] and an effective core potential (ECP) LanL2DZ basis set [33] . In the previous works, it has been demonstrated that the LanL2DZ basis set of the ECP theory are capable of providing results of very satisfactory and reasonable quality for the geometries, stabilities, and electronic properties of Si n and TM: Si n systems [7, 8, 11, 12, 34] .
To test the reliability of our calculations, the bond length, vibration frequencies, and dissociation energies of the AgSi, Ag 2 , and Si 2 molecules are calculated. The values of Ag−Si bond length (2.49Å) and vibration frequency (272.4 cm −1 ) are in good agreement with the experimental results (2.45Å) and (297.0 cm −1 ) [19, 29] . In addition, the bond lengths of Ag 2 and Si 2 molecular (2.611Å and 2.35Å) are close to the theoretical results (2.63Å and 2.31Å) and experimental results (2.53Å and 2.25Å) by Beutel [3, 4, 35, 36] . Due to the dependence of the calculated results on the pseudopotentials, this examination of bond lengths leads to deviations typically within 1 -6%. Therefore, our study can be considered as preliminary and qualitative naturally.
Results and Discussions

Geometries and Growth Behaviours
Lots of possible initial structures, which include one-, two-, and three-dimensional configurations, have been considered in geometry optimizations, and all clusters are relaxed fully without any symmetry constraints. In our paper, the ground state isomer and few low-lying structures for each size are displayed in Figure 1 and their symmetry, HOMO, LUMO, HOMO-LUMO gaps, vibration frequencies, and electronic states are listed in Table 1 .
Ag 2 Si. According to the calculated results, it is found that the lowest-energy isomer is an acute-angle triangular structure (1a) with the singlet spin configuration and C 2v symmetry, a 79.0 • angle and a 2.497Å bond length. The linear D ∞h structure (1b) with singlet spin configuration is 1.572 eV higher in total energy than the 1a structure.
Ag 2 Si 2 . For the Ag 2 Si 2 clusters, the opened trigonal pyramid structure (2a) with C 2v symmetry has the minimum total energy. When the Si atom is added to the 1b structure, the linear C ∞v structure (2b) is proved to be a stable structure. However, the 2b isomer has large relative energy compared with 2a. As shown in Figure 1 , the planar Ag 2 Si 2 isomer (D 2h ) structure can be viewed as two silver atoms substituting two silicon atoms of the framework of Si 4 [37] .
Ag 2 Si 3 . When two silicon atoms of the D 3h symmetry ground state of the Si 5 cluster are substituted by two silver atoms, the initial D 3h structure distorts to yield the trigonal bipyramidal C 2v Ag 2 Si 3 model (3a). Similarly, the D ∞v linear structure (3b) with a 3 Σ state can be obtained from the 2b isomer by adding a silicon atom at symmetrical site. After a slight distortion of the trapezoidal planar C 2v structure, a house-like isomer (3c) is yielded. The calculated results indicated that the 3c isomer is the most stable structure of the Ag 2 Si 3 cluster. As for the C s structure (3d), it can be interpreted as a distorted geometry of the C 2v Ag 2 Si 3 isomer.
Ag 2 Si 4 . Four possible isomers considering various spin states are optimized for the Ag 2 Si 4 cluster. The distorted trigonal prism C 1 structure (4a), which is generated from two silver atoms substituting two silicon atoms of the distorted D 3h Si 6 cluster, is proved to be the most stable structure of the Ag 2 Si 4 isomers. The planar C 2h and C 2v structures are also stable geometries while their stabilities are a bit lower than that of 4a. The additional low symmetry C 1 structure (4d) is a minimum of the potential surface which can be viewed as two silver atoms capping on the non-planar C 2v symmetry Si 4 cluster. According to the calculated results, the stability of 4d is weaker than that of 4a.
Ag 2 Si 5 . Guided by the Si 7 clusters, the pentagonal bipyramid D 5h (5a) isomer of the Ag 2 Si 5 cluster can be obtained. In addition, the planar D 2h (5b) structure with singlet spin configuration is optimized to be a stable geometry. For the most stable structure, the 5c isomer can be interpreted as silver atom replacing a silicon atom of the trigonal prism Si 6 cluster and then Fig. 1 (colour online) . All equilibrium structures of the Ag 2 Si n (n = 1 -11) clusters; the corresponding point-group symmetries along with relative stabilities (eV) are presented by the B3LYP calculation; the stars show the lowest-energy structures of Ag 2 Si n .
another silver atom tri-capping on this distorted prism of the AgSi 5 isomer. After one silicon atom is localized at the center site of the bottom of the Ag 2 Si 4 4d isomer, the C 1 isomer (5d) with 3 A state is generated.
Ag 2 Si 6 . In the calculations, we find four different structures for the Ag 2 Si 6 clusters with an energy range of 0.616 eV. The lowest-energy (6a) isomer is a distorted hexagon bi-pyramid structure. However, its D 3h symmetry is lowered to be the C s symmetry due to the Jahn-Teller effect. When two silicon atoms are capped on the trigonal prism 4a structure, the distorted orthorhombic structure 6b isomer with 3 A state is yielded. The new star-like structure (6c) is optimized and proved to be a stable isomer. For the 6d structure, it can be viewed as one silicon atom added to the 5d structure of the Ag 2 Si 5 isomer.
Fig. 1 (colour online). (continued).
Ag 2 Si 7 . Guided by the previous structures of Si 9 and Ag 2 Si n (n = 1 -6) clusters, four possible Si 2 Ag 7 geometries are optimized to be the local minima on the respective potential surfaces according to calculated frequency analysis. The lowest-energy 7a structure can be described as silicon atom capping on the 6b geometry. When two silicon atoms of the C s symmetry Si 9
cluster [1] are substituted by two silver atoms, the C 1 symmetry Si 2 Ag 7 structure (7b) is generated. Furthermore, the new isomer (7c) is obtained from two silicon atoms face-capping on the top of the 5d structure. The additional 7d geometry is optimized after one silicon atom is capped on the stable 6d structure of the Si 2 Ag 6 cluster.
Ag 2 Si 8 . According to our calculation, Ag 2 Si 8 isomers with high symmetries are proved to be the unstable structures. For example, when two silicon atoms of the D 5h symmetry Si 10 cluster [2] are replaced by two silver atoms, the high symmetry is lowered to be the C 1 symmetry and a distorted pentagonal prism structure 8a is finally obtained. Similarly, the 8b isomer is a substituted structure from another Si 10 cluster [4] . The 8c and 8d isomers emerge from one silicon atom being added to the 7c and 7d isomers, respectively. It is interesting to point out that the 8e structure is obtained from the 10e isomer by removing two silicon atoms.
Ag 2 Si 9 . The most stable Ag 2 Si 9 geometry (9a) is a derivative structure of the 8a isomer. It is generated from one silver atom of the 8a structure substituted by a silicon atom and then the replaced silver atom is surface bi-capped on the new distorted pentagonal prism AgSi 9 structure. Similar to the Ag 2 Si 8 isomers, the low-lying structures 9b, 9c, 9d, and 9e are obtained from silicon atoms added to the 8b, 8c, 8d, and 8e isomers, respectively. Ag 2 Si 10 . Guided by the Ag 2 Si 9 structures, it is interesting to find the 10a and 10e isomers being two derivatives from 9e with the second silver atom connecting dissimilar silicon atoms. Therefore, a bit relative energy (0.109 eV) exists between 10a and 10e isomers. After a silicon atom capping on the stable 9b, 9c, and 9d structures, respectively, the low-lying Ag 2 Si 10 isomers 10b, 10c, and 10d are generated. The 10f isomer appears when the tenth silicon atom is inserted into the 9a structure in the same way as the ninth silicon atom.
Ag 2 Si 11 . For n = 11, one equilibrium 11a structure is formed with one silicon atom being inserted into the center of the most stable 10a isomer. Additionally, the 11b and 11c isomers are yielded from 10b and 10c Ag 2 Si 10 clusters. The stable 11d and 11e isomers can be viewed as two derivatives of the 10f isomer after a silicon atom bi-capping on the different sites of the 10f geometry. Comparing the total energies, it is found that the 11d cluster is the lowest-energy structure for the Ag 2 Si 11 cluster. Table 2 . Calculated averaged atomic binding energy E b (n), fragmentation energy D(n, n − 1), and second-order difference of energy ∆ 2 E(n) of the most stable Ag 2 Si n (n = 1 -11) clusters (unit: eV). On the basis of the detailed analysis of the smallsized Ag 2 Si n (n = 1 -11) clusters, it is concluded that the silicon atom surface-capped and silver atom substituted structures are the dominant structures of all the isomers. In addition, the lowest-energy isomers are 3D structures from silicon size n = 2 to 11 expect for the Ag 2 Si 3 structure.
Relative Stability
In order to predict relative stabilities of the most stable Ag 2 Si n (n = 1 -11) clusters, it is significant to investigate the averaged atomic binding energy E b (n), the fragmentation energy D(n, n − 1), and the secondorder difference of energy ∆ 2 E(n), which are defined as follows:
where Table 2 and the relative curves of E b (n), D(n, n − 1), and ∆ 2 E(n) against the corresponding number of the silicon atoms are plotted in Figure 2 . As seen from the figure, the atomic averaged binding energy shows a smooth growing trend with increasing size. Two peaks are found at n = 2 and 5, indicating that the Ag 2 Si 2 and Ag 2 Si 5 isomers are relatively more stable. In addition, it is found that the two curves of D(n, n − 1) and ∆ 2 E(n) show a similar tendency with the change of silicon atom number, which indicates that the predicted relative stabilities of the Ag 2 Si n clusters vary synchronously with the cluster size. In both of the curves, two remarkable peaks at n = 2 and 5 for the Ag 2 Si n clusters are also found. This hints that the corresponding Ag 2 Si 2 and Ag 2 Si 5 clusters have slightly stronger relative stabilities as compared to their neighbours. Moreover, it is worthy to point out that this feature of relative stability on the bimetal Ag 2 -doped silicon clusters is in qual- Fig. 2 (colour online) . Atomic averaged binding energies, fragmentation energies, and second-order difference of energies for Ag 2 Si n isomers as a function of clusters size.
itatively agreement with the single silver atom doped silicon clusters [8] .
HOMO-LOMO gap
The electronic properties of the Ag 2 Si n (n = 1 -11) clusters are discussed by examining the energy gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The HOMO-LUMO energy gap reflects the ability of electrons to jump from occupied orbitals to unoccupied orbitals, which represents the ability of the molecule to participate into chemical reactions in some degree. A large value of the HOMO-LUMO energy gap is related to an enhanced chemical stability, contrarily, a small one corresponds to a high chemical activity. Here, the HOMO and LUMO energies as well as the corresponding HOMO-LUMO gaps for each Ag 2 Si n cluster are tabulated in Table 1 and the calculated HOMO-LUMO gaps for the most stable isomers at each size are plotted as curves in Figure 3 . Comparing with the previous works, we find that the energy gaps of the most stable Ag 2 Si n clusters are bigger than those of the MSi n ( M = Ta, Yb, Ni) and Mo 2 Si n clusters [34] , which may be caused by the electronic shell closure of the silver atoms. This effect was demonstrated by small even sized silver and copper clusters experimentally and by copper clusters theoretically [38] . It seems worthwhile to note that the energy gaps of Ag 2 Si 3 and Ag 2 Si 5 isomers are higher than those of their neighbours, which means that the corre- sponding clusters have dramatically enhanced chemical stability. Therefore, the Ag 2 Si 5 cluster can be seen as the most stable building block and can be selected as candidate of novel nanomaterials. Unfortunately, the chemical stability of the most relative stable Ag 2 Si 2 isomer is weaker than that of the Ag 2 Si 3 and Ag 2 Si 5 isomers.
Population Analysis and Dipole Moments
Natural population analysis on the MSi n clusters can provide reliable charge-transfer information. Therefore, the natural populations (NPs) of the different silver atoms in the most stable Ag 2 Si n systems are listed in Table 3 . As shown in the table, the NP values of the silver atoms for Ag 2 Si n (n = 1 -11) clusters are positive, indicating that the charge in the corresponding cluster transfer from silver atoms to the Si n frames owing to a larger electronegativity of the silicon than that of the silver atom. This feature is in agreement with AgSi n clusters but different from Mo 2 Si n systems. In addition, the natural electronic configuration for the silver atom in the most stable Ag 2 Si n systems is tabulated in Table 4 . According to the calculated results, there are 0.08 -0.41 e charges transferred from 5s and 4d orbitals to 5p and 6p orbitals for a silver atom in different Ag 2 Si n clusters. In the different isomers, it is seen that the number of occupying 4d electrons assigned on each silver atom in the different isomers is more than 9.89 e, which indicates that the 4d orbitals of the silver atoms in the Ag 2 Si n cluster are dominant core orbitals. Table 3 . Dipole moment of the lowest-energy Ag 2 Si n (n = 1 -11) clusters, natural charges populations of the different silver atoms of Ag 2 Si n systems, where Ag (1) and Ag (2) correspond to the top (or left) silver and bottom (or right) silver atoms in Figure 1 . As we known, the dipole moment can reflect the electronic cloud of the specific cluster in the presence of the external static electric field. The dipoles of the most stable Ag 2 Si n (n = 1 -11) clusters are listed in Figure 4 . It is found that the dipole moments exhibit odd-even alternative behaviour when n > 1, indicating that odd-numbered Ag 2 Si n clusters have a relatively higher dipole moment than the neighbouring even-numbered sizes. When n = 1 -6, the curve shows the similar tendency as the HOMO-LUMO gaps (Fig. 3) , while the contrary tendency displays when n = 7 -11. It can be expected that the dipole moment of the Ag 2 Si n isomers are mainly dependent on a symmetric distribution of the silicon atoms around two silver atoms. For example, Ag 2 Si 5 and Ag 2 Si 9 isomers have higher dipole moments because the distribution of odd-numbered silicon atoms around the silver atoms in 5c and 9a isomers is unsymmetrical. On the contrary, the dipole moment of the Ag 2 Si 10 isomer is zero due to a symmetric distribution of the silicon atoms around the silver atoms.
Conclusion
The growth behaviours, stabilities, HOMO-LOMO energy gaps, population analysis, and dipole moments of the Ag 2 Si n (n = 1 -11) clusters are investigated theoretically at the B3LYP level employing LanL2DZ basis sets. All the calculated results are summarized as follows:
(i) The optimized geometries reveal that the silicon atom surface-capped and silver atom substituted structures are dominant structures in the growth behaviours and the lowest-energy isomers are 3D structures except the Ag 2 Si 3 structure.
(ii) According to the averaged atomic binding energy, the fragmentation energy, and the second-order difference of energy analyses of the most stable Ag 2 Si n clusters, it is concluded that the small Ag 2 Si 2 and Ag 2 Si 5 isomers are more stable than their neighbouring isomers. (iii) Due to the electronic shell closure of the silver atoms, the energy gaps of most stable Ag 2 Si n clusters are bigger than those of the MSi n ( M = Ta, Yb, Ni) and Mo 2 Si n clusters. In addition, the HOMO-LOMO energies exhibit that the Ag 2 Si 3 and Ag 2 Si 5 isomers have dramatically enhanced chemical stability. (iv) Based on the calculated natural population and the natural electronic configuration, it is noticed that the charges are transferred from silver atoms to the silicon atoms. Moreover, the dipole moments of the most stable isomers exhibit oddeven alternative behaviour when n > 1, indicating that odd-numbered Ag 2 Si n clusters have relatively higher dipole moments than the neighbouring even-numbered sizes.
